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The present capability of commercially available computed tomography 
(CT) systems is limited to spatial resolutions of 0.5-1.0 mm, with mesh 
sizes up to 1024 x 1024 picture elements. We describe here a new investi-
gation of CT's application to the special case of an object with annular 
geometry and limited density range, to obtain spatial resolution of 0.25 
mm in fields as large as 1 M in diameter. We take a series of views 0.3° 
apart around the object of interest. Each of the 1200 views consists of 
4096 linear attenuation measurements along parallel rays through the 
field. The spacing of these rays is 0.25 mm. The views are Fourier-
transformed and convolved with an appropriate convolution filter in fre-
quency space. They are then transformed back into physical space and 
backprojected onto the image plane. 
There are two basic requirements for CT data sets. The first is that 
the total stack-up of all mechanical uncertainties must be less than 1/4 
the size of the spatial resolution element. The second is that noise in 
the raw projection data (SIGMA) be small enough to lead to an acceptable 
level of noise in the reconstructed image (FSIGMA). The relationship be-
tween SIGMA and FSIGMA, from Shepp and Logan [1], is 
FSIGMA2 = m2 SIGMA2/(16 n) 
for (n) views having (m) rays each. For reconstructed image noise of 2%, 
SIGMA should be 0.001, easily achievable with our system. 
DESIGN OF EXPERIMENTAL CT SCANNER 
Our high-resolution CT system is shown in Figure 1. It bas a 
second-generation (translate-rotate) configuration. The 120 kV X-ray 
source with a 0.5 mm focal spot. Typical values for the attenuation of 
the X-rays by lcanned objects range from 10 to 100 for this work; a photon 
flux of 7 x 10 photons/sample is therefore necessary for adequate sta-
tistica! precision. The center of rotation and the detectors are 136 cm 
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and 236 cm from the source, respectively. The translation platform moves 
at a constant speed of 3.0 cm/sec. The drive motor, detector electronics 
and radiation source are all synchronous. The data sampling rate is 120 
Hz; this preserves a constant phase relationship with the full-wave (un-
regulated) anode supply. Position data are recorded with a Linear Induc-
tosyn [2] encoder, which has a 0.0025 mm precision. Rotary position data 
are recorded with a Rotary Inductosyn [2] encoder having 0.001° precision. 
The X-ray beam is shaped by a primary collimator located before the ob-
ject. The slice thickness is determined by a collimator just before the 
detectors. 
The X-ray detectors must be capable of dynamic range requirements im-
posed by the largest (not typical) X-ray attenuation of the object (factor 
of 100) and by the signal-to-noise ratio of the precision of X-ray signal 
measurement (1000) discussed above. The combination of these factors 
yields a dynamic range requirement of at least 100,000. The detector 
should have a high stopping power and it should have no measurable after-
glow. Detector afterglow is of concern because, when present at any ap-
preciable level (greater than about 1/1000 of the detected signal), it 
interferes with the accuracy of measurements at high object attenuation 
and leads to severe (and not easily correctable) non-linearities in the 
data. This can result in severe cupping or capping artifacts in the re-
constructed image. Most scintillation crystals in common use have large 
afterglow components. Sodium Iodide and Cesium Iodide are especially poor 
in this respect, having afterglow components amounting to as much as 
severa! percent of the primary signal. Cadmium Tungstate and BGO have 
less than 1% of the afterglow associated with Cesium Iodide. 
Five detectors plus a sixth reference detector are used to measure 
attenuation of the test object. The detectors are spaced 1.2 cm apart and 
are masked to a width of 0.25 mm. Each of the 5 detectors consists of a 
cadmium tungstate crysta1, a Plexiglas light pipe and a 10-stage photo-
multiplier tube. The reference detector consists of a photodiode bonded 
directly to a crysta1. Five independent views of the object are therefore 
obtained on each pass. Attenuation measurements are formed by comparing a 
detector reading through the object to a detector reading without the ob-
ject. Reference-detector data are used to compensate for slight irregu-
larities in the X-ray source. 
At each step of the translation table, outputs from the 5 detectors 
and the reference detector and the linear encoder are read into the com-
puter through direct memory access. The data transfer rate is 34 kilo-
bits/sec. Shown in Figure 2 is a data samp1e taken as one wall of the 
carbon cone passes in front of the 5 detectors. The corresponding chord 
length is also shown. The signal to noise ratio is 1,000. 
To demonstrate the 0.25 mm spatial resolution of the system, we scan-
ned a Plexiglas cylinder of 9.5 mm wall thickness, to which was affixed a 
piece of vinyl electrica! tape 9.5 mm wide and 0.15 mm thick. The result-
ing image is shown as Figure 3a. One quadrant is displayed on a 512 x 512 
field. The tape crosses pixels on the diagonal and its thickness is con-
sistent with one pixel, as shown in Figure 3b with higher contrast. 
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Figure 1. AS&E High Resolution CT System. 
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Figure 2. Part of a data set from a scan pass through the Wall of an 
Annular Object.The horizontal axis corresponds to linear position 
of the translation platform, and the vertical axis is the 
logarithm of the ratio of unattenuated to attenuated X-ray flux. 
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Figure 3a. 
thickness. 
CT acan of a Plexiglas cylinder having 9.5 rom wall 
A 0.15 x 9.5 rom vinyl tape is seen on the outside. 
Figure 3b. Increased contrast display of the vinyl tape in Figure 3a. 
The tape thickness is coromensurate with one pixel width or 0.25 rom, 
STUDY OF A HOLLOW CARBON CYLINDER 
We studied a carbon-composite cylinder, with a 12.7 cm outside 
diameter, a 1.2 cm wall thickness, and a 20.3 cm length; a photograph of 
the cylinder may be seen in Figure 4a. All surfaces were machined. These 
objects are manufactured by laying up c arbon fabric, impregnating it with 
epoxy, and firing at high t emperature to r educe it to carbon. The density 
of this piece averaged 1.34 g/c c . One quadrant of aCT slice is shown in 
Figure 4b. A large def ect, usually t ermed a delamination, is seen to ex-
t end for about 60° and is almost 0.5 rom wid e at the center. The out er 
1ayers of the cylinder show up brighter than the int erior of the wall. 
This is because of beam hardening as the radiation penetrates the object. 
A beam-hardening correction could be easily used to e liminate this e ffect 
through appropriat e preproc essing of dat a , i f desir ed . 
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Figure 4a. The Plexiglas cylinder of Figure 3 (14.0 cm diameter with 
9.5 mm wall) and the carbon composite cylinder (12.7 cm diameter 
with 1.3 cm wall). The surface markings are the results of 
ultrasonic mapping, which was done by another teating laboratory. 
Figure 4b. CT image of a cross section through the carbon cylinder of 
Figure 4a. A 2.9 mm slice thickness was used. 
A prominent defect is seen. 
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STUDY OF A CARBON CONE 
The major object of the study was a sample rocket exit cone, produced 
of carbon composite !aminate. It is shown on our scanner in Figure Sa. 
Overall dimensions are 1.0 M slant height, 12 cm diameter at the neck and 
81 cm diameter at the large end. The wall thickness is 1.8 cm at the neck 
and tapers to 1.1 cm at the base. 
Figure Sa. Carbon cone on scanning table with X-ray source. 
Scans of the cone were made in three places where defects were an-
ticipated. A large surface delamination was obvious at 34 cm diameter, as 
shown in Figure Sb. Because of the opening angle the wall is about 19 
degrees from the vertical at this point. In order to get sharp edges in 
the reconstruc ted image, it was necessary to minimize the slice 
thickness. We were able to reduce it to a O.S mm slice height, with the 
detectors sampling a 0.2S mm width, before reducing the signal to noise 
ratio too far. The resulting image shows good definition of the single 
fabric layer, which is about 0.2S mm thick (one pixel). To conveniently 
display the complete annulus, which occupies a 1024 x 1024 field, it was 
divided into 4 quadrants, each of which is sp1it into 5 segments of 18 
degrees each, and displayed in a S12 x S12 image as shown in Figure 6. 
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Figure Sb. Surfac e de l amination, tapering to a 0.2S mm 
thick fabric l ayer (detail from Fi gure 6). 
Figure 6. CT slice of Carbon Cone. Full slice is 34 cm diameter. 
These segment are 18" long, showing a surface delamination. 
The second region scanned was near the base of the cone, where some 
thermocouples had been embedded in the layers during construction. When 
the cone was baked at a high temperature the thermocouple had vaporized . 
These resulting voids were easy to see with the resolution of our system, 
as shown in Figure 7a. The two wires of the thermocouple left distinct 
holes about 0.25 mm in diameter and 1.0 mm apart. This section of the 
cone bas an outside diameter of 77 cm and the corresponding image repre-
sents the largest CT slice of 0.25 mm resolution presently obtained, to 
our knowledge. 
Figure 7a. Section of the Cone with Residual Holes 
from a Vaporized Thermocouple. 
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Tbe third region which we investigated lies just below the neck of 
tbe cone, where the cone bas an outside diameter of 20 cm. There is a 
large interna! delamination in this region, extending over 30°. To enable 
our macbine to scan tbis section of tbe carbon cone we turned it upside-
down and supported it inside of a paper tube 25 cm in diameter. Botb the 
tube and the section are visible in Figure 7b. 
Figure 7b. Section of tbe Neck of tbe Cone , showing a delamination. 
CONCLUSJONS 
We have demonstrated that spatial resolution of 0.25 mm is possible 
in fields as large as 1 M. An examination of annular geometries, botb 
right cylindrical and conical, bas sbown tbat slice tbickness can be min-
imized enougb to keep sharp edge definition, provided tbe signal to noise 
ratio is adequate. A convenient mode of displaying the (largely empty) 
4096 x 4096 image of an annulus involves segmenting tbe display so tbat 
arcs of equal angle are stacked up. 
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